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The pre.ferential. orientations produced in binary alloys o.f U-S:i 
and tJ-Cr on plane sections perpendicular to the direction o.f heat now 
b,r cooling .from beta-phase temperatures were determined. The 
experimentallY determined textures were presented using inverse pole 
.figures. 
A definite and reproducible relationship was .found to exist 
between the pre.ferred orientation present at any position and the 
cooling rate which material at the position had experienced. 
It was .found that the concentration o£ the alloying elements 
within the ranges studied had little detectable e£.fect upon the 
observed relationship between the cooling rate and the resulting 
preferential orientation. 
It was postul.ated that the observed relationship between texture 
and cooling rate in material. which had been cooled rapidly resulted 
.from oriented growth o.f the alpha phase produced by a shear-type 
beta-to-alpha phase trans£onna.tion. At lower cooling rates where 
the transformation became di.f£Usion controlled, the texture was 
accounted .for on the basis o.f the plastic deformation o.f the alpha 
phase due to stresses developed at the beta-to-alpha trans.formation 
inter.face. 
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I INTRODUCTION 
The purpose of this investigation was to determine the effects 
of coo1ing rate and chemical. composition on the preferential crystal 
orientation produced in al.pha uranium by quenching from the beta 
phase. 
Ihring the course of normal reactor operation al.pha uranium 
undergoes dimensional changes. Cbnstant-vo1ume dimensional changes 
occur in sing1e crystals of' alpha uranium when they are irradiated by 
neutrons112 • Positive growth takes p1ace in the (010] direction and 
negative growth of an equal. magnitude occurs in the Boo] direction 
VJhil.e the (901] direction remains unaf'.fected. A second type of' 
dimensional. change experienced during reactor operation occurs in 
pol.ycrysta11ine alpha uranium. This growth or distortion has its 
origin in the anisotropy of' the therma1 expansion coefficients of the 
major crysta11ographic directions, and is probabzy due to a thermal 
ratcheting defonnation o£ individual grains during temperature 
f1uctuations3. The dimensional changes exhibited by polycrystalline 
alpha uranium during reactor operation are therefore dependent upon 
crystal size and orientation, and from t.he standpoint o£ dimensional 
stability, the most advantageous crystal configuration is one of' sma11, 
randomly oriented grains. 
Forming processes such as extrusion and ro1ling produce severe 
pre:ferential orientations or textures in poJ.ycrystalline alpha 
uranium. One heat-treating procedure generally accepted and used f'or 
uranium which refines the resulting alpha grain size and essentiallY 
removes textures due to prior working consists o£ heating uranium 
containing small amounts o£ alloying elements into the beta-phase 
temperature range, holding or soaking for short periods of time at 
one temperature, and then quenching. After uranium has been heat-
treated in this manner, however, the resUlting alpha structure 
exhibits a quench-induced preferential orientation, the character 
of which is dependent upon the severity of the quench. 
2 
The successfUl use of metallic uranium as a nuclear fuel depends 
to a considerable extent on whether or not it w~ remain 
dimensionally stable during reactor operation. Since dimensional 
instability is due prim~ to preferential cr.ystal orientation, 
information relating preferential orientation to cooling rate and 
chemical composition is of considerable value. 
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II RE.VIEW OF THE LITERATURE 
The determination and representation of preferential. orientations 
in polYcrystalline metals has been the object of a considerable number 
of investigations in the last 25 years. Seve raJ. rev:i.ew-rs o:f the 
various techniques which have evolved are avai1able4~5, 6• 
The use of" the ratios of measured intensities and calculated 
random intensities as an internal standard in determining the 
relative preferential orientation o:f crystallographic planes was 
first suggested by Harris7. The expression derived~ Harris for the 
texture coefficients o:f individual crystallographic planes was 
corrected by Morris8 • Morris later introduced the use of "area 
weighting factors" in the mathematical development9. The area 
weighting :factors were introduced in order to reduce the e:f:fects of 
a non-uniform distribution of sampling points upon the resul.ting 
calculated orientations and to insure that al.l possible crystal. 
orientations were accounted :for in the formalism. Several 
discussions o:f the assumptions involved in this particular method 
o:f representing preferential orientations and the inherent 
limitations o:f the method have been pub1ished10, 11 • The ttarea weight" 
method o:f ca1culating texture coefficients as developed by Harris and 
Morris was used to represent the preferential orientations 
measured in this study. A fairly complete description o:f this 
method is given on pages 19 through 25 below. 
Holden 12 has compiled an excellent review o:r work done on the 
physical. and chemical. properties o:f uranium prior to 1957. The 
discussion be1ow is intended to inc1ude information concerning onlY 
those properties of uranium which have a direct effect upon the 
orientation present in alpha uranium after cooling £rom the beta 
phase. 
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The equilibrium beta-to-alpha phase transformation in pure uranium 
has been reported to occur at 663° c13• The effects of smaJ.J. al.loy 
additions on the equilibrium beta-to-alpha phase transf'ormation can 
be seen in the equilibrium phase diagrams for binary alloys of U-Si. 
and ~Cr containing sma11 concentrations of' these a1lqying el.ements14' 1 ~ 
An examination of the equilibrium phase diagrams reveal.s that at 740°C 
a11 the alla,ys investigated were within the one phase region of' 
solid solubility. 
Several investigations have been made which indicate that heating 
uranium into the beta phase temperature range will. essentially 
remove textures f'ound in the aJ.pha phase 16, 17 • Since heating uranium 
into the beta phase removes textures original.ly found in the a1pha 
phase, a:ny systematic and reproducible texture f'ound in the alpha phase 
a£ter quenching must have been introduced by the quench. 
The chemical. and physical properties o:r the beta and al.pha phases 
and the sudden change in these properties at the beta-to-alpha phase 
transf'ormation must surely have a great deal to do with the resulting 
texture seen in the al.pha phase. Beta uranium has a compl.ex 
tetragonal crystal. structure containing 32 atoms per unit cen18 and 
therefore exhibits few deformational. modes19• Beta uranium has been 
shown to be harder 20 and to have a lrl.gher yield strength21 than the 
al.pha phase at the phase transformation temperature. 1he crystal. 
structure o£ alpha uranium has been determined to be ort.horhomb:tc22• 
This phase exhibits numerous de£ormationa1 modes - both b,y slip and 
by t~ng23,24. 
QU.nan and Cl.ews25, by considering the known def'ormation 
mechan:isms of' alpha uranium, have predicted the orientations which 
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should resul.t :from def'ormation imrolving both slip and twinning when 
tensi1e stresses are applied to randomly oriented samples of 
polycrystalline alpha uranium. Since def'ormation of' alpha uranium 
proceeds mainly by slip above 450°C with twinning being :favored as 
the deformational. mode below this temperature26, the pref'erentiaJ. 
orientations which would result :from tensile stresses in the alpha 
phase, according to Calnan and Clews, would consist of' the plane 
normal.s of' pl.anes close to the (110) being oriented paral.1e1 to the 
direction of' applied stress for tensi1e stress applications at 
0 temperatures above 450 c. For tensi1e stress applications at 
temperatures below 4S0°C, the plane normals of' planes close to the 
( 01 0) plane should be oriented paral.lel to the direction of stress 
application. 
The kinetics of' the beta-to-alpha phase transformation in binar,y 
a11oys of u- Cr and u-si have been studied27' 28• It was £ound that 
al.l.oys conta..:l.lU.ng very small. concentrations of either alloying element 
transformed by a shear-type process at low temperatures and by a 
d:i..f'fUsion controlled process at higher temperatures. 
The exact nature of the beta-to-alpha phase transf'ormation in 
pure uranium at various temperatures has been the subject of' considerable 
debate. Burke and ntxon29 have compiled a f'a:i..rl.y complete review of 
6 
the literature on this subject and h~e concluded that the beta-to-
alpha transformation in pure uranium proceeds by a shear-type 
process at high cooling rates (low trans:formation temperatures ) and 
that at l.ower cooling rates (higher transformation temperatures) the 
reaction becomes diffusion controlled. 
Butcher, et. al.. 30, in quenching studies o.f uranium containing 
low leveJ.s o£ impurities have observed columnar grains, elongated in 
the direction o.r heat .flow in areas o£ high cooling rate. The 
investigators postulated that oriented growth of the martensitically 
transformed alpha occured in these regions. 
Russe1131 in an extensive investigation o£ the properties o£ the 
alpha phase produced by quenching .from beta-phase temperatures .found 
columnar grains which were elongated in the direction o.f heat 
removal. in areas near the quenched sur.face o£ rods and tubes o.f uranium 
containing low levels o.f impurities. In stu~g the preferential 
orientations which resulted .from quenching, Russell also observed that 
in areas o.f ldgh cooling rate, (200) planes were preferentially 
oriented perpendicular to the direction o:f heat flow or parallel to 
the quenched sur.face. As the cooJ.ing rate decreased at positions 
:farther .from the quenched sur.face, the texture dec~ed by movement 
o£ the area o.f primar,y excess texture along the [01~ zone to the 
( 002 ) plane and then along the [1 oo1 zone toward the ( 020) plane. 
Korn£eld32 in quenching studies on Jominy bars o£ uranium containing 
low J.evels o£ impurities was the .first to report this relationship 
between texture and cooling rate. 
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III EXPERIJ.1ENTAL PROCEDURE AND RESULTS 
A. PREFERRED ORIENTATION IN ALPHA URANIUM. 
Binary alloys o:f U-Cr and U-S:f. (Table I) were investigated. 
Preferential cr,ysta1 orientations were produced in c.ylindrical samples 
o:f these alloy systems by a Jominy end-quench from the beta phase. The 
resulting crystal orientations in cross-sectional areas parallel to 
the quenched surface were determined using x-r~ di:f£raction 
techniques. Duplicate samples of each composition were examined to 
determine the reproducibility of the data. 
In order to simplify the problem of correlating the observed 
structure and measured cooling rates, it was desirab~e to use a method 
of quenching that gave the simplest relationship between direction 
of heat removal and sample geometry. It was also desirable that the 
quenching procedure produce a wide variation o:f cooling rates within 
the same sample since this condition woul.d :facilitate a study of the 
effects of different cooling rates upon the structure while greatly 
reducing the number of samples to be heat-treated. 
The standard Jominy hardenability test quenching procedure, a 
method of quenching which produced both of the desired cooling 
conditions, was used. The samples were cylinders (Figure 1) which 
were machined :from 1-1/4-inch-diameter rods that had been formed by 
extrusion at gamma-phase temperatures. 
Each sample was heated by suspending it in a vertical. tube 
furnace under an atmosphere o:f preheated and purified argon gas 




Specimen No. Anal.ysis (ppm by wt.) 
Si Or A1. Fe 
1 90 
- o.oe at.% 16 Nna 140 
2 190 - 0.16 at.% 1.5 ND 130 
3 600 - o.51 at.% 13 ND 70 
4 48 97 - o.o4 at.% 31 64 
5 29 230 - 0.11 at.% ND 67 
6 28 71.5 - 0.33 at.% ND 59 
a 
ND = not detectab1e 
analyses fUrnished by the spectrochemical. section, 































Argon gas train and sample heating furnace 
10 
11 
rested at the center o£ the fUrnace. The sample was heated at a rate 
o:f approximately 1.5° C per minute to 740° C and held at this temperature 
£or an hour. The variation in temperature around the control point 
at the center of the :furnace was ! 5°C. 
While the sample was being heated to temperature, the shutter 
in the quenching apparatus (Figure 3) was moved :from the position above 
the nozzle and the pumped stream o:r water was adjusted to an 
unrestrained height of 2-1/2 inches. The shutter was then placed in 
the path of the stream and the quench was initiated by manually 
placing the sample (trans£er times were approxi.m.ately 4 seconds) in 
position in the quenching apparatus and fiipping the shut tar aside. 
The sample was left in position in the quenching apparatus for a 
period of one hour to insure that the whole bar was cooled to the 
temperature o£ the water. The water in the holding tank of the 
quenching apparatus remained at room temperature. 
The end-quenching procedure described above produced a condition 
in the ~1inder near the quenched surface that closely approximated 
one-dimensional cooling. Cooling curves were obtained that showed 
that one-dimensional cooling was rea1ized for the portion of the bar 
within 1/2 j_nch of the quenched surface (Figure 4). 
The variatj_on o£ cooling rate with distance from the quenched 
surface was determined by placing unsheathed Chromel-Alumel 
thermocouples at the mid-radius of the cylinder and at varying 
distances from the quenched surface. The change of temperature with 
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at the cross section 0.050 
from the quenched surface 
II 
thermocouple bead 1/8 from cylinder wall 
II 
thermocouple bead 1/2 from cylinder wall 
~ 
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cooling time (seconds) 
Figure 4 




The thermocouples were constructed o£ 28 gauge wire and 1 /16-
inch-diameter ceramic electrical insulators. The thermocouples were 
.force-fitted in 1 /16-inch-diameter holes that were drilled radially 
to a depth o.f 1/h inch. 
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The positions chosen .for the measurement o.f cooling rates were 
0.05, 0.10, 0.25, and 0.50 inches .from the quenched surface. The 
recorders used .for determinations at the o.o5- and 0.10-inch positions 
had chart speeds o.f one inch per second and were capable o.f measuring 
temperature changes in the range 0 to 3000°Cper second. The recorders 
used .for the 0.25- and 0.50-inch positions had chart speeds of 8 inches 
per minute and were capable o.f measuring temperature changes in the 
range 0 to 650° C per second. 
Just prior to the start o.f the quench, a check was made to insure 
that good thermal contact existed between the thermocouple bead and 
the metal sample. This check consisted o.f measuring the electrical 
resistance between the copper sample hanger and each o.f the 
ther-mocouple lead ~~res at positions just outside the sample heating 
.furnace. Each thermocouple in each quench was .found to have excellent 
electrical contact - and therefore good thermal contact - with the 
metal sample. 
Arter several sets of cooling curves had been determined, it was 
noticed that the alla,y content within the ranges of interest had 
little detectable effect upon the quench rate. This made it possible 
to reduce the number o£ temperature versus time determinations and 
to draw one set of cooling curves which were representative o.f all 





















1/2 from quenched surface 
\.C.; 
U\ 
I \ \ ~ II / 1/4 from quenched surface 
"¢ ·-
t<\L ""'- ~ /1/10 from quenched surface 
(\] 
II 
0.050 from quenched surface 
M~----------------~-----------------+=---------------~~--------------~~ 0 5 1 15 20 
cooling time (seconds) 
Figure 5 




represent an average of six such determinations. 
Since the primary purpose of this portion o£ the work was to 
correlate cooling rate and the resulting crystal orientation, it was 
necessar.y to choose a particular temperature and use the cooling rate 
through this temperature as a reference. It was intended that the 
cooling rate just prior to the beg1nning o£ the beta-to-alpha phase 
transformation be used £or reference. An examination of Figure 5 
shows, however, that the change in slope of the cooling curve 
indicative o£ the beta-to-alpha phase transformation was not detected 
in this stuqy. Since the transformation was not detectable, a 
temperature o£ 500°C was arbitrarily chosen and the cooling rate 
through this temperature was used as a reference. Figure 6 shows 
the variation of cooling rate through 500° C wi. th distance from the 
quenched surface. 
After quenching, the variation of crystal orientation with 
distance from the quenched surface in each c.ylinder was determined. 
The surfaces examined were cross-sectional areas which were parallel 
to the quenched surface and therefore perpendicular to the direction 
of heat flow. cnty material within 1 /2 inch of the quenched sur:face 
was examined since that was the region of greatest interest and 
because the heat now in the bar at positions farther than 1 /2 inch 
from the quenched surface ceased to be one-dimensional. 
Axial lengths o£ 5/8 inch were cut from the bottoms o:f the 
cr,rlinders. In reaching cross-sections of interest in these samples, 
metal. was removed from the transverse surface of the cylinders by 
simuJ.taneously grinding a number o.f samples in a Beuhler Automat. 
~:~-, 0 

































t.' 0 0 0.10 0.20 0.30 O.AO 0.50 
eli stance from the qv.enc~.le(~ end (inches) 
Figure 6 
~ooling rate -:llrm.1s).l 500°C as a f:u_nction o:E position in the bar {-I 
--~ 
The buJ.k of the metal was removed by grinding on 180 grit silicon 
carbide grinding paper. As a cross-section of interest was 
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approached, however, the sample surfaces were ground on 320 and then 
on 6oo grit paper in order to minimize the amount of disturbed metal. 
on the sur:face produced by grinding. After repeated grinding of the 
same sample, it was :found that the resulting surfaces remained parallel 
to within ~ 0.003 inches at the a,rlinder wall. 
After grinding on the 600 grit paper, the resULting surface was 
electropolished in a solution of chromic and acetic acids (118 grams 
ero3, 100 m1. ~o, 400 m1. glacial. acetic acid) with a sample-to-
cathode separation o:f approximately 2 inches. The sur:face was 
polished for 2 minutes at approximately hO volts. 
The electropolished sample was placed in the 1 -inch-diameter 
rotating specimen holder of a Philips Electronics diffractometer and 
the sample sur:face was checked to insure that it was free o£ disturbed 
meta1. 
The check of' the sample surface consisted of scanning through 
an angular range of 2Q in which the diffracted peak :from the ( 11 o) 
plane o:f the alpha phase was known to f'aJ.l. When f'airly sharp 
resolution o:f the diffracted Cu K« 1 and Koc~lines was observed, it 
was assumed that the surface was free o:f disturbed metal. It 
resolution of' these peaks was not obtained after the initial. 
electropolishing, the sample was re-electropolished for periods of' 
30 seconds until resolution was obtained. 
Nickel f'i1tered Cu Ko{x-radiation was used in the examination. 
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The operating voltage was 40 kilovolts and the operating current was 
20 milli.a.mps. A scanning speed of' 1 ° 26 per minute was maintained 
duri.ng examination and a 1° divergence slit was used in the 
dif'f'ractometer. The specimen holder was positioned so that the center 
of' the x-r~ beam f'ell on the mid-radius of' the electropolished 
surf'ace. During the course of' the examination, the c.ylinder was 
rotated about its axis at a rate of' approximately 200 revolutions 
per minute. Since the height o£ the x-ray beam striking the spec~en 
surf'ace was about 3/8 inch, the positioning of' the sample with 
respect to the beam and the rotation permitted analYsis of' 
approximately 75% of' the sample surf'ace. 
The determination of' the crystal orientations in the work-f'ree 
electropolished surface was accomplished using the same operating 
conditions f'or the sample holder and dif'f'ractometer as listed above. 
The integrated intensities diffracted from 18 crystaJ.lographic planes 
in the sample surface were measured. The integrated intensity f'rom 
a particular plane was measured by scanning over a range of' 2e in 
which the di.f'f'racted peak f'rom the plane was known to .f'al.l (Table II). 
The integrated intensity was the accumulated intensity measured 
during the scan minus the background intensity. 
Measurements of' background intensity were made at 33°, 56°, 96°, 
and 123.5° 26. The background intensity measured at 330 was 
subtracted f'rom the total. intensities of' the (020) thru (111) peaks. 
The background intensity at 56° was subtracted .from the peaks (112) 
thru (132). The background intensity measured at 96° was used for 






















PEAK POSITIONS AND SCANNING RANGES 
Peak Position - 2e Sca.np!ng Range ( 0 2el 
30.46 30.0 - 31.0 
34.96 34.2 - 35.2 
35.55 35.2 - 35.95 
36.26 35.95 - 36.95 
39.54 39.0 - 4o.o 
51.24 50.75- 51.75 
57.08 56.6 - 57.6 
60.32 59.8 - 6o.8 
64.76 64.0 - 65.0 
65.40 65.0 - 66.0 
67.42 67.0 - 68.0 
69.52 69.0 - 70.0 
83.80 83.4 - 84.4 
87.42 87.0 - 88.o 
90.49 90.0- 91.0 
99.05 98.65 - 99.65 
101.66 101.20 - 102.20 
122.78 122.00 - 123.50 
The 020, 002, and 200 planes are Bt-agg planes and the 
intensities from these are second order reflections from 
the (010)~ (001 )1 and (100) Miller planes. The remainder 
o:f the planes examined are Miller planes. 
background a~ 123.5° was used for the (312) peak onlY. 
The measured integrated intensities from the cr.ys~allographic 
planes were used to calculate the "texture coefficients 11 of the 
crystallographic planes in the surface examined: 
21 
1 ) 
where o(i :a the texture coefficient of a particular plane, ~ = the 
measured integrated intensity, .ri = the calculated intensity from a 
randomly oriented plane, and ~,.; = the "area weighting facror" of the 
plane. The values o£ ' Awi ana ~ used in this investigation are given 
in Table III. A partial derivation and discussion of the expression 
£or the texture coefficient follows below. 
The expression £or the diffracted intensity £rom the surface of 
a thick, randomly oriented powder specimen, as determined using a 
dL£fractometer is: 
t 'k,e4 'A3A 1 1 + cos22e)( -2M I ... )( )( F2p) e < 2 u> < 2 
me v 161l"r sin22e cose 2 2 (I'+ J.As) 
' where I = 'integrated intensity' or total. energy entering the counter, 
I~ • intensity of the incident beam, e and m = charge and mass o.r the 
electron, c =velocity o:r light, A• wavelength of incident radiation, 
r • radius of the di.ffractometer circle, A • cross-sectional area of 
the incident beam, v • volume of a unit cell, 1 - length of the 
diffraction cone analyzed (• length of the receiving slit), 
(1/1611'r sin22e cose) =- Lorentz £actor, e -= Bragg angle, F = structure 














































-2M .a. e • vemperature £actor, p. = l.inear absorption coef.fici.ent, 1J. 
8 
• 
correction factor for secondar,y extinction. 
For the size sampl.e which is conveni.ent1y analyzed using the 
diffractometer, the assumption that a random orientation exists 
presupposes that the samp1e is composed of small. cr.ystals of 
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essentially uniform size and that an equal number of crystals are in 
every possible orientation with respect to aQY reference direction. 
From the derivation o.f the Lorentz £actor33, it can be seen that 
for a randomly oriented samp1e, the volume of material. oriented such 
that the di.ffracted beam from a particular (hicl) plane w:Ul fall 
within a length, 1, of the diffraction cone is given by: 
' P = 1./8 11' r sine. 3) 
For a particular set of physical conditions, i..~. temperature, 
incident intensity, and goniometer adjustment, the expression for the 
integrated intensity from the surface of a randomlY oriented 
polycrystalline sample becomes : 
I I I 
I = K P , 4) 
we can now write a new £unction: 
5) 
' a C( P /P ) 
- co<., 
I 1 f 
where C = (Ic/I0 )(p/p ) (J.< +~/~ +~ ). '!he unprimed terms represent 
a particular crystallographic pl.ane in a preferentially oriented 
sample and the primed terms represent the same plane in a randomJ.y 
oriented samo1e. 
Harris7 has suggested that the value of C can be approximated 
by assuming that the mean value of cJ.. (for a number of different 









Cbrrecting for the non-uniform distribution of sampling points, after 
M:>rris 9 , gives 
hl. 
oti = (Ii/I~)/ ~ Awi I1/I~ • 8) 
.(,= ( 
In the course of the above derivation, it was assumed that the 
val.ue of C is independent of any particular (hk1 ) plane. Thi.s 
assumption implies that the quantity (p/p 1 )(jA + J,(. :J ,c..{ + us) is 
independent o.f the degree of texture o.f the po1ycrystal1ine aggregate. 
This assumption ~troduces only sma11 errors when the metal examined 
has 1ow crystal symmetry and a 1arge 1inear absorption coefficient.. 
f 
A know1edge o£ the value o.f ( P / p ) or c(1 is very useful since 
the magnitude of this term indicates the degree to which the 
particul.ar crystal.1ographic p1ane is aJ.igned parall.e1 to the spec:iJnen 
surface examined. A va1ue of c( 1 < 1 indieates tlihat the 
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crystaJ.lographi.c plane is pre!'erentially def"icient and a value of" a( i 
) 1 :indicates that the plane is pref"erentially in excess in the sur!'ace 
examined. A value of" o( i • 1 indicates that the particular 
crystallographic plane is randomly oriented in the surf'ace examined. 
18 texture coef'f"icients - one f'or each crystallographic plane 
examined - were calculated f'rom the intensity measurements taken :from 
each surf'ace. Since duplicate samples of' each allqy were studied, 
it was possible to determine the average values of" the texture 
coei'f'icients at selected positions in the bars. Due to the dif'f'iculty 
~olved in grinding to preselected positions in the bars, the 
duplicate samples were not examined at identical distances £rom the 
quenched sur:race. The average values o£ the texture coe££icients £or 
duplicate bars o£ identical composition were therefore determined 
graphically. The average values o:r the texture coe££icient o£ a 
particular plane were deterw~ned b.Y plotting the variation o£ the 
texture coe££icient with distance £rom the quenched surface. Values 
£or the two bars o£ identical chemistry were plotted together and the 
average values at selected positions on the plot were determined. 
One very use£ul method o£ presenting the orientation as given 
by the texture coefficients o£ the planes examined consists o£ 
plotting the values o£ the texture coe££icients on a standard 
stereographic pole projection. When the texture coefficient o£ each 
plane is plotted at the position o:r the plane normal in a standard 
stereographi.c pole projection, a quantitative ''pictureu o£ the 
orientation results. A plot o£ this type has been called an "inverse 
pole £igure". A standard (001) pole projection was used to present 
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the average orientations found in the alloys investigated (Figures 7 
thru 19). Figure 7 shows the positions of the plane normals o:f the 
planes examined on the standard (001) pole projection. figures 8 thru 
19 show the average values o:f the texture coe:f:ficients plotted at the 
appropriate pole positions. The values of o(i from the individual 
sur:faces examined are tabulated in the Appendix. 
Each sur:face in which the crystal orientations were determined 
was also subjected to metallographic examination using polarized light. 
Photomicrographs o:f the as-electropolished surfaces were taken (Figures 















Positions o:r the plane normals in the standard ( 001 ) stereo graphic 
pole projection o£ alpha uranium 
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o.o5o inches from the quenched 
sur£ ace. 
coo1~ rate through 5ou0 c 




0.010 inches ~rom the quenched 
surface. 
cooling rate through 500°C 
~ 400° C per second. 
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0.100 inches ~rom the quenched 
sur~ ace. 
cool!ng rate through 500°C 
= 90°C per second. 
1.1 Average inverse pole £igures at 0.010, 0.050, and 0.100 
inches from the quenched sur~ace £or san;:>1es containing o.o8 atom:i.c 
per cent si1icon 
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surface. 
cool~ rate through 500°C 












0.150 inches £rom the quenched 
surf' ace. 
cool:tng rate through 500° C 
= 6o0 c per second. 
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o.450 inches .from the quenched 
surf' ace. 
cooling rate through 5oo0 c 
= 1 0° C per second. 
o.a Average inverse pole .figures at 0.150, 0.250, and o.450 
inches for o.oa at. per cent silicon samples 
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surface. 
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o. 100 inches .from the quenched 
surface. 
cooling rate through 500°C 
= 90° C per second. 
Average inverse pole figures at 0.010, 0.050, and 0.100 
inches for 0.16 at. per cent sil:i.con samples 
o.o 
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o. 150 inches from the quenched 
surface. 
coo~ rate through 500°C 
• 6o° C per second. 



















o.45o inches from the quenched 
surface. 
cooling rate through 500°C 
= 10°c per second. 
Average inverse po1e figures at 0.150, 0.250~ and 0.450 
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surface. 
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surface. 
0 coo1~ rate through 500 C 
o. 2 = 90 C per second. 
.Average inverse po1e figures at 0.010~ u.oSo, and 0.100 














o. 250 inches from 'the quenched 
surface. 
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coo1ing rate through 5oo0 c 
= 6o° C per second. 
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o.450 inches £rom the quenched 
surface. 
cool~ rate through 5oo0 c 
a 10° C per seconde 
0.6 Average inverse pole figures at 0.150~ 0.250, and o.45o 
inches for o.51 at. per cent silicon samples 
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o.loo inches from the quenched 
surface. 
cool~ rate through 5oo0 c 
= 90° c per second • 
1.6 Average inverse po1e figures at 0.010, 0.050, and 0.100 












0.250 inChes from the quenched 
surface. 
coolPlg rate through 5oo0 c 
• 30°C per second. 
2.3 1.7 2.2 
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o.150 inches f'rom the quenched 
surf' ace. 
coo1¥lg rate through 500° C 
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o.450 inches from the quenched 
surf' ace. 
cool~ rate through 500°C 
= 10 C per second. 
Figure 15 
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o.o5o inches from the quenched 
sur.face. 
cool~ rate through 500°C 
= 1 70 C per second. 
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0.010 inches .from the quenched 
surface. 
cooling rate through 500°C 



















o. 100 inches .from the quenched 
sur.face. 
cooling rate through 500 ° C 
.. 90° C per second. 
~erage inverse pole .figures at 0.010, o.o5o, and 0.100 
inches .for 0.11 at. per cent chromium samples 
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0.250 inches £ram the quenched 
sur£ ace. 
coo1tng rate through 5oo0 c 
• 30° C per second. 
1.1 1 8 
...0.9 






0.150 inChes £rom the quenched 
sur£ ace. 
coo1;ng rate through 5oo0 c 
= 6o° C per second. 




0.4.50 inches £rom the quenched 
surface • 
cooling rate through .5oo0 c 
1 .o = 1 0° C per second. 
Figure 17 
Average inverse po1e figures at 0.1.50, 0.250, and 0.450 












0.050 inches from the quenched 
surface. 
coo1ing rate through Soo0 c 
= 170° C per second. 
0.3 
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0.010 inches from the quenched 
surface. 
coo1igg rate through 500°C 




















o. 100 inches £rom the quenched 
surface. 
coo1ing rate through 500°C 
= 90° C per second. 
Average inverse po1e figures at 0.010, 0.050, and 0.100 
inches for 0.33 at. per cent chromium samp1es 
.a 0.2 
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+ 1.0 +0.2 
+1 • .5 
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0.250 inches from the quenched 
surface. 
cool~ rate through r:;oooc 










0.150 inChes from the quenched 
surface. 
cool~ rate through 500° c 
• 60° C per second. 








0.450 inches from the quenched 
surface. 
cool:!.ng rate through .500° C 
= 10°C per second. 
Figure 19 
Average inverse pole figures at 0.150~ 0.250~ and 0.450 
inches for 0.33 at. per cent chromium samples 
0.013 inches from quenched surface 
cooling rate through 500°C Q 400°C/sec. 
50 x, polarized light 
o.o48 inches from quenched surface 
cooling rate through 500°C = 170°C/sec. 
50X , polarized light 
Figure 20 
Representat~ve variation of grain size with distance from the 
quenched surface, 0 to o.o5o inches from the quenched end 
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0 . 109 inches :from quenched s~:face 
cooling rate through 500°C = 85 C/sec. 
50X , polarized light 
0 . 273 inches :from quenched surface 
cooling rate through 500°C • 25°C/sec. 
50X , polarized light 
Figure 21 
Representative variation o:f grain size with distance :from the 
quenched surface, 0.100 to o.5oo inches from the quenched end 
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B. REI'AINED BETA URANimt. 
Qy'lindricaJ. samples of uranium containing o.o8 atomic per cent 
silicon were heat-treated and quenched in the manner described above. 
The c.y1inders were then cut along their longitudinal axes and the 
crystal structures of these longitudinal sections were exam±ned 
(Figure 22 ). 
Samples containing 0.51 atomic per cent silicon and others 
containing 0.33 atomic per cent chromium were studied in an attempt 
to determine the nature o£ the beta-to-alpha phase transf'ormation in 
regions of' high cooling rate - close to the quenched surface. These 
samples were heated into the beta phase to 740° c, he1d at this 
temperature £or an hour, and then quenched. The duration of' the 
end-quench in this investigation was 5 minutes. After end-quenching 
£or 5 minutes the bar was cooled quicklY by submerging it in the water 
in the holding tank. An axial length of approximately 5/8 inch was 
cut :from the bottom o£ each c.ylinder. The quenched surface was ground 
lightly on 600 grit grinding paper and electropolished. The 
e1ectropolished surface was examined b.1 means o£ x-r~ diffraction 
to determine if the beta phase was retained by the high cooling rates 
at the quenched surface. The elapsed time betwc-~en the completion of 
quenching and the start of x-r~ examination was approximately 30 
minutes. Repetitive scans v-rere made over the angular range 37°to 
40° 26. The (411) and (212) peaks £rom the beta phase and the (111) 
peak £rom the alpha phase all £all in this angular range. 
Retained beta phase was £ound to exist at the quenched sur£ace 
in both the alla,ys investigated. The retained beta phase trans£ormed 
0 to - 0.090 inches from quenched sur.face 
50X , polarized 1:ight 
Figure 22 
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Longitudinal section of J om:iny bar showi..ng columnar grain structure 
near the quenched surface 
quite slow1y at ambient temperature and £rom the roughening of' the 
sample surf'aces which occurred during transf'ormation, it was 
ascertained that the transf'ormation proceeded by a shear-type 
mechanism. After the apparent comp1etion of' transf'or.mation, as 
shown by the disappearance of' the (411 ) and ( 21 2) beta peaks, 
photomicrographs were taken of' the as-transf'o:rmed surf'aces (Figure 23 ). 
These surf' aces were then ground light1y on 6oo grit paper to remove 
the surface relief' due to transf'ormation and then examined again 
(Figure 24). 
0.33 atomic per cent chromium 
50X , polarized light 
o.51 atomic per cent silicon 
50X , polarized light 
F.Lgure 23 
As-transfonned surfaces very near the quenched end in h:Lgh level 
aD.oy bars 
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0 . 33 atomic per cent chromium 
50X , polarized light 
o. 51 atomic per cent silicon 
50X , polarized light 
F.1gure 24 
Samo as Figure 23, surf'aces regroWld to remove surface relief' 
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IV DISCUSSION OF RESULTS 
T.he areas o£ excess pole density on the inverse pole £igures are 
those areas in which the texture coe££icients have values greater 
than unity. The areas o£ excess pole densit.y there£ore represent 
those crystallographic planes which are pre£erentia1ly oriented 
parallel to the sur.face exam:ined. As can be seen by re£erring to 
the inverse pole figures presented above, there is a definite 
relationship between the cooling rate and the position of the area 
o£ excess pole density. The relationship between the cooling rate 
and the pre£erentia1 orientation - a relationship which was common 
to all the alloys examined- can be described as .follows: In regions 
o:f high cooling rate near the quenched end of the bar, ( 200) planes 
are oriented parallel to the quenched surface. The measured texture 
coe:f£icients o:f the (200) plane on cross sectional. areas close to 
the quenched surface are therefore greater than 1 • Ex:amination of 
the inverse pole :figures for the cross section at 0.010 inches :from 
the quenched surface shows that there are approximately 3 times as 
many grains oriented with the (200) plane parallel to the surface than 
there wouJ.d be i.f the material. at the sur.face were randotn:cy- oriented. 
As the cooling rate decreases at positions :farther .from the quenched 
surface, the area o.f primar.y excess pole density on the inverse pole 
£igures moves .from the (200) pole position along the [010] zone toward 
the (002) pole position. The texture coe.f.ficient o.f the (002) plane 
reaches a maximum value at approximatelY 0.150 inches from the 
quenched surface where the cooling rate through 500°C has dropped to 
about 50° c per second. In this region o.f the bar, the ( 002) planes 
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are preferenti~ oriented parallel to the quenched surface - or 
perpendicular to the direction of heat now. With increasing distance 
.from the quenched surface, the area of prima.rjr excess texture moves 
from the vicin:i ty o£ the ( 002) pole position along the [1 00] zone 
toward the ( 020) pole position. In these regions or the bars where 
the cooling rate is relatively low, the area o£ primary excess texture 
becomes increasingly larger and at the same time the texture 
coefficients o£ those planes represented by the area of pr~ar,y excess 
texture decrease until at approximately o.450 inches from the quenched 
surface the texture in the bars degenerates to a quasi-random state. 
The most. likel.y source o.f the textures developed in alpha uranium 
during rapid cooling from the beta phase is the stress developed at 
the beta-to-alpha phase transformation interface. The volume Change 
on going from the beta to the alpha phase at the equilibrium 
temperature is appro~tely 2%. When the beta-to-alpha transformation 
occurs at low temperatures where the thermal mobility of the atoms 
is reduced, the stresses developed at the transformation interface 
~dll be quite large. The stresses developed at the transformation 
interface will be highest in regions of high cooling rate and will 
decrease in magnitude as the cooling rate decreases. 
I:r the phase interface is assumed to remain essentia1ly planar 
and parall.el. to the quenched surface, the stresses at the interface 
will be radial. Under these conditions the beta phase at the 
interface will be in radial compression and the alpha phase will be 
in radial. tension. The transformation interface will not, of course, 
remain compl.etely planar; however, since a fair:ly steep temperature 
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gradient exists along the axis o£ the bar w.i th no gradient being 
present in a radial direction, the trans£ormation inter£ace will 
aJ.ways tend to move paraJ.lel to the axis o£ the cylinder and will also 
tend to remain planar. It is there£ore proposed that the stress 
condition at the beta-to-alpha phase ~ter£ace consists ~ o£ 
radial compression in the beta phase and radial tension in the alpha 
phase. 
From the quenching studies conducted on the high-level aJ.loy bars, 
it is ev:i..dent that the trans£ormation in these alloys in regions o£ 
high cooling rate proceeds b.Y a martensitic or shear-type process. 
It is reasonable to expect that the nature o£ the phase transformation 
will have a pro£ound e££ect upon the pre£erential orientation 
produced in alpha uranium by quenching :from the beta phase, and since 
a marked similarity exists between the pre£erential orientations 
fotmd in all the alloys, it is concluded that the phase trans£ormation 
in areas o£ high cooling rate in all the alloys investigated proceeds 
by a shear-type process. The grain structure o£ the metal in the 
regions o£ high cooling rate consists o£ crystals lvhich have small 
transverse diameters but which are markedly elongated in the 
direction o£ heat £low. The grains extend :from the quenched sur£ace 
back to about 0.080 inches :from the quenched surface. Since the 
material in t.hi.s region has been shown tf'l trans.fonn 'by a shear-type 
process, the only possible explanation o£ the elongated or columnar 
grains is t.hat oriented or pre£erentia1 growth o£ the martensiticallY 
transformed alpha occurs. As can be seen £rom the average inverse 
po1e :figures presented earlier, the pre:ferred direction o£ martensitic 
growth lies near the [100] direction in alpha uranium. Since the beta 
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structure produced by the alpha-to-beta phase transformation is 
essentially random 16' 171 the idea that the textures found :i.n the samples 
within 0.080 inches o£ the quenched surface resulted from an oriented 
nucleation of the alpha phase on a preferred habit plane o£ the beta 
phase must be discounted. 
F.rom a consideration o£ the change o£ gra:i.n shape and orientation 
whi.ch occurs at approximately 0.080 :inches £rom the quenched surface, 
it is concluded that the beta-to-alpha phase transformation in this 
region changes from a shear-type process to one that is diffusion 
controlled. Added weight is given to this conclusion by the observation 
that the texture in the samples at distances greater than approximately 
0.080 inches £rom the quenched surface can be accounted £or in terms 
of the plastic deformation of the alpha phase resulting £rom the stress 
produced at the beta-to-alpha transformation interface. Since the beta 
phase is both harder and stronger than the alpha phase at the 
transformation temperature, it follows that plastic deformation 
occuring near the transformation interface will take place primarily 
in the alpha phase. 
Calnan and Clews 25, £rom a consideration of the kno'Wll deformation 
mechanisms o:f alpha uran:i.u:m., have concluded that 'When twinning 
predominates as the deformational mechanism, which does occur at 
temperatures below 45o0 c, the (010) planes and planes lying at smal.l 
angular distances .from the ( 01 0) plane in the unit cell will be 
preferentially aligned perpendicular to the direction o£ applied 
stress. 
0 At temperatures above 450 c, 'Where slip predominates as the 
de£ormationa1 mode, planes in the neighborhood o£ the ( 110) plane wil.l. 
be pre£erentia1Ly aligned perpendicular to the direction o£ applied 
stress. 
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Since the direction o£ the tensile stress in the aJ.pha phase at 
the trans.formation interface is radial, the following orientations 
should exist in those portions o£ the bars where the orientation 
results £rom plastic deformation of the alpha phase: 
1 • In regions o:f high cooling rate where the trans£ormation 
temperature is low, planes in the neighborhood o:f the (020) 
plane should be oriented perpendicular to the direction o:f 
heat now. The texture coeff'icients of these planes in the 
sur:faces examined should there.fore be less than unity. 
2. In regions of' intermediate cooling rates both twinning and 
slip should occur near the trans£ormation inter:face. In 
these portions o.f the bars, the texture coe.f.ficients of' 
planes near the ( 020) plane shoul.d remain low and the texture 
coef:ficients o.f planes near the (200) plane should become 
smal.1er. Since both the ( 020) planes and ( 200) planes should 
show a tendency to align themselves perpendicular to the 
sur.faces examined, the texture coe££icient of the (002) planes 
in this region shoul.d become larger than unity. 
3. ln regions o.f low cooling rates planes near the (200) plane 
should tend to be oriented perpendicular to the sur£aces 
examined. The texture coe£.ficients o.f planes near the (02U) 
plane should there.fore become larger and the texture 
coe.fficients of planes near the (002) should become smaller. 
The stress level drops continuously with increased distance .from 
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the quenched sur:face so that the change in orientation in going :from 
region 1. to region 3. is continuous. The magnitude o:f the texture 
developed shoul.d decrease with :i.ncreasing distance :from the quenched 
sur:face until a quasi-random structure results. 
Comparison o:f the predicted textures discussed above and the 
experimentally determined textures at distances greater than o.oao 
inches :from the quenched sur:face, as given by the inverse pole figures, 
shows that very good agreement exists between theory and experiment. 
The concentration of the alloying elements 1 silicon and 
chromium, had little detectable ef:fect upon the observed relationship 
between cooling rate and preferential crystal orientation. The 
concentrations o:f the alloying elements were low and at 740° C - the 
soaking temperature employed in this study - al.l o:f the alloys 
investigated were in a s~gle phase region o:f solid solubility. 
other investigators have shown27, 28 that the relationships between 
the transformation kinetics and trans:formation temperature should be 
quite similar in the six alloys investigated in this study. It is 
not surprising, then, that there was little detectable effect o:f 
alloy concentration upon the observed preferential orientations. 
V CONCLUSIONS 
Alloying additions o£ silicon and chromium within the 
concentration ranges studied in this investigation have little 
detectable e££ect upon the preferential cr.ysta1 orientation of alpha 
uranium produced by quenching from the beta phase. 
A definite and reproducible relationship between cooling rate 
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and observed preferential orientation was round to exist in all the 
alloys examined. In regions of high cooling rate, the area of primar,y 
excess texture on the ~erse pole figures was centered around the 
(200) pole position. As the cooling rate decreased, the area of 
primary excess texture moved along the [010] zone to the (002) pole 
position and then along the [1oo] zone toward the (020} pole position. 
For ve~ small cooling rates, the texture degenerated to a 
quasi-random state. 
In those reg:i.ons of the bars where the cooling rate through 500° C 
exceeded 110°C per second, an oriented growth o£ the martensitically 
transformed alpha was round to occur. The direction o£ preferred 
growth o:f the martensi tically transformed alpha was close to the 
[1 00] direction in a1pha uranium. 
At cooling rates less than approximately 1 00° C per second the 
transformation appeared to occur primari~ by a diffusion controlled 
process. The preferential orientations :found in those regions vmere 
the cooling rate through 500°C was less than 100°C per second were 
concluded to resUlt from the plastic deformation of the alpha phase 
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APPENDIX 
TABULATEDVALUES 0F ~ FOUND AT INDIVIDUAL SPECIMEN SURFACES 
o(:L 
(distance f'rom the quenched surf' ace in inches) 
Specimen No. 
and com:e• (hkl) 
.!911. .o60 .097 .240 .494 
1a 020 0.13 o.o3 0.36 0.93 o.89 
.o8 at..% Si 
110 1.32 o.59 0.29 1.01 0.63 
021 o.38 o.43 0.74 2.06 3.23 
002 1.32 2.12 2.35 2.63 1.36 
111 1.76 o.87 0.47 o.Bo .0.75 
112 1.41 2.04 1.31 o.87 0.96 
130 0.12 o.o4 0.19 o.79 1 • .59 
131 0.33 0.12 0.27 0.53 o.63 
023 o.68 1.41 3.11 o.82 o.74 
200 2.68 1.93 1.24 2.02 0.96 
113 1.21 1.98 1.54 1.10 o • .59 
132 0.29 0.12 o.~7 o.6o o.66 
133 o.55 o.90 1.62 1.04 o.85 
114 1.25 1.66 1.57 1.05 o.65 
150 0.24 0.12 o.6o 1.23 1.69 
223 1.36 o.9o o.6.5 1.01 0.94 
1.52 0.30 0.14 o.14 o.61 1.25 
312 2.!t2 2.36 0.92 o.57 o.51 
58 
Specimen No. 
and c~. (hk1) .009 .030 .046 .079 .101 .202 .312 .386 
-
1b 020 0.19 o.o1 o.oo o.o9 0.21 o.47 1.58 1.20 
.o8 at.% Si 
110 1.45 1.14 0.72 o.48 o.53 o.51 1.14 1.14 
021 o.44 0.34 o.21 o.64 0.36 o.81 o.67 o.44 
002 1.15 1.36 1.12 3.43 3.00 1.69 o.59 1.00 
111 1.62 1.45 1.61 1.17 0.93 o • .52 o.62 0.71 
112 1.40 1.54 1.62 0.94 1.20 o.79 o.82 o.83 
130 o.29 0.28 o.oo 0.07 o.o8 o.47 1.02 1.19 
131 o.47 0.20 0.15 0.22 0.31 o.52 o.82 o.84 
023 0.71 0.15 1.03 1.04 2.32 3.69 1.29 1.48 
200 2.38 2.86 1.68 1.00 0.91 1.49 0.94 0.78 
113 1.23 1.38 1.57 1.90 1.83 1.17 o.89 o.83 
132 o.L4 o.45 0.32 o.55 o.51 1 • .57 o.87 0.95 
133 o.69 o.69 o.66 o.67 0.85 u.78 1.17 1.32 
114 1.10 1.26 1.84 2.23 1.98 1.47 1.06 0.77 
150 0.17 0.09 o.os 0.32 0.36 o.66 1.37 2.12 
223 1.52 1.43 1.78 o.89 1.17 0.77 o • .5o o.67 
152 o.27 0.24 0.22 u.31 0.34 o.47 1.20 0.97 
312 2.19 2.45 2.34 1.97 1.09 o.43 1.33 1.08 
59 
Specimen No. 
and camp. (hk1) .011 .031 .047 .078 .095 .180 .273 .390 
2a 020 0.20 0.11 o.o9 o.oo o.13 0.30 o.49 0.74 
.16 at.% Si 
110 1.56 1.23 1.00 1.02 1.00 0.98 0.97 1.07 
021 o.47 0.36 0.35 o.52 o.69 1.01 1.52 1.37 
002 1.29 1.59 1.42 3.51 2.37 2.55 2.61 1.86 
111 1.74 2.06 1.82 2.04 1.58 1.12 1.06 0.95 
112 1.20 1.31 1.92 1.29 1.01 0.95 0.78 o.87 
130 0.24 0.14 0.24 0.19 o.4o 0.70 1.04 1. 71 
131 0.37 o.26 0.24 0.33 o.61 o.61 0.74 0.99 
023 0.92 0.95 0.91 o.68 1.09 1.09 1.69 1.21 
200 2.13 1.73 2.16 1.53 1.14 0.54 o.41 0.72 
113 1.10 1.27 1.42 1.45 1.52 1.54 o.82 0.77 
132 o.54 o.47 0.35 0.39 o.67 0.71 o.61 o.69 
133 0.71 o.63 o.57 o.84 o.89 1.22 0.90 o.65 
114 0.90 1.24 1.34 1.59 1.72 1.48 0.99 o.89 
150 0.20 0.11 0.09 0.22 o.54 0.79 0.84 1.24 
223 1.38 1.57 1.60 1.19 1.06 o.89 0.82 0.70 
152 o.4o 0.21 0.22 0.31 o.56 o.55 0.99 1.10 
312 2.20 2.12 2.02 1.26 0.91 0.91 o.8o 0.95 
6o 
Specimen No. 
and comp. (hkl.) .013 .028 .oh8 .073 .109 .168 .287 .480 
2b 020 0.10 o.o6 o.o2 o.o4 0.16 0.16 0.39 0.92 
.16 at.% Si 
110 1.44 1.12 o.8o o.56 o.57 o.60 1.13 1.03 
021 o.3o 0.26 0.18 0.29 o.5o o.48 1.10 1.05 
002 0.79 1.03 1.15 1.25 2.45 3.18 2.53 1.33 
111 1.63 1.44 1.63 1.63 o.81 0.76 o.87 0.90 
112 1.53 1.91 2.50 1.92 o.87 0.91 0.75 u.93 
130 0.11 o.oo o.o4 0.03 0.23 o.56 0.94 1.56 
131 0.30 0.20 0.20 0.25 0.30 o.69 o.8o o.84 
023 0.98 1.o6 o.Bo 1.36 3.40 2.08 o.67 0.95 
200 2.05 1.03 0.98 o.61 o.47 0.39 o.6o 1.22 
113 1.30 2.10 2.08 1.99 1.65 1.08 0.77 0.79 
132 0.39 0.23 0.38 0.70 0.48 u.54 0.80 0.90 
133 o.6.5 o.1o o.61 0.70 o.76 0.92 1.29 1.23 
114 1.47 1.74 1.93 1.88 2.23 2.55 1.12 0.98 
1.50 0.21 0.11 0.09 0.09 0.16 0.36 1.82 1.18 
223 1.44 1.36 1.61 1.80 o • .55 0.79 o.76 o.84 
152 o.24 0.22 0.20 o.49 o.62 0.78 1.01 0.93 
312 2.21 2.15 1.81 1.32 0.93 0.77 0.98 0.90 
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Specimen No. 
and comp. (hkl.) 
.!.9.!Q. .029 .o45 .015 .098 .186 .286 .403 
)a 020 o.28 0.13 0.13 o.o6 o.o4 o.47 o.95 1.51 
.51 at.% Si 
110 1.74 1. 71 1.60 1.72 2.04 0.78 0.74 o.8o 
021 o.4o o.29 0.25 0.26 o.Jo o.59 0.81 1 • .5o 
002 0.79 u.99 0.95 1.30 1.65 2.07 1.63 1.99 
111 1.57 1.68 1.67 1.43 1.11 o.84 o.7o o.86 
112 1.01 1.14 1.28 1.22 1.11 0.98 1.05 0.84 
130 o.46 o.21 0.22 0.23 o.o8 o • .5.5 1.14 1.03 
131 o.5o 0.28 0.30 0.27 0.27 o.68 1.02 1.12 
023 o.8.5 o.S7 1.06 0.96 1.03 1.17 1.32 1.21 
200 3.28 3.03 2.88 2.44 1.42 o • .59 o.58 0.70 
113 0.92 1.06 1.13 1.36 1.38 1.6.5 1.34 1.12 
132 o.63 o.49 0.37 o.63 0.)6 o.74 1.05 0.98 
133 o.66 o • .54 o.S7 o.58 0.66 1.78 1.19 u.88 
114 o.79 1.08 1.01 1.51 2.08 1.96 1.37 1.30 
150 0.36 0.34 0.15 0.21 o.16 o.68 0.99 o.8o 
223 1.14 1.20 1.14 1.09 1.34 0.8.5 o.8.5 0.77 
1.52 o.47 0.35 0.28 o.19 0.26 o.84 1.0.5 o.86 
312 2.2.5 2.43 2.61 2.21 1.86 o.42 o.45 o.4o 
62 
Specimen No. 
and comp. (hk1) .014 .o28 .o48 .072 .102 .161 .280 .484 
-
3b 020 o.24 0.16 0.14 0.10 0.12 0.17 1.40 o.82 
.51 at.?; Si 
110 1.74 1.64 1.62 1.44 1.31 o.76 o.64 0.93 
021 o.43 o.43 0.37 0.32 0.37 u.77 1.00 0.96 
002 1.53 1.40 1.49 2.16 2.55 3.49 1.65 1.27 
111 1.66 1.74 1.74 1.74 1.53 1.05 o.82 o.9L. 
112 0.,88 0.98 1.11 0.95 0.93 0.98 o.83 u.78 
130 0.27 o.34 0.27 0.18 0.11 0.31 1.05 1.26 
131 o.42 0.31 0.28 0.22 0.27 0.47 o.78 u.86 
023 0.79 0.85 0.74 o.67 1.02 1.12 1.38 1.07 
200 3.01 3.21 3.46 2.4h 2.07 0.95 o.4o o.55 
113 u.9o 0.92 1.08 1.37 1.61 1.73 1.03 1.04 
132 o.46 0.45 0.29 0.37 0.30 o.59 o.s1 0.94 
133 o.56 o.55 o.54 o.65 0.19 1 .L.1 1.32 1.09 
114 o.83 0.97 1.07 1.40 1.73 1.99 1.52 1.19 
150 o.44 0.39 0.28 0.20 o.15 o.L.o u.97 1.36 
223 1.33 1.32 1.69 1.72 1.67 1.29 0.98 o.84 
152 o.47 0.36 0.30 0.23 0.22 o.31 1.11 1.12 
312 2.28 2.25 2.09 2.02 1.50 o.66 0.47 0.90 
63 
Spec:i.men No. 
and comp. (hk1j .010 .059 .097 .255 .493 
4a 02U 0.16 o.o5 u.o8 0.96 o.48 
.oL. at.% Cr 
110 1.37 o.82 o.89 o.38 0.56 
021 0.26 0.12 0.16 o.84 3.69 
002 o.68 0.36 o.43 1.37 3.32 
111 1.56 1.77 1.73 o.54 o.67 
112 1.l.t.O 1.76 1.6u 0.72 o.43 
130 o.46 0.16 o.12 0.28 o.41 
131 o.45 0.16 0.18 0.31 o.62 
023 0.97 1.03 2.21 5.40 0.95 
200 2.16 1.10 o.6o o.57 o.L.L. 
113 1.48 2.92 2.69 1.28 0.78 
132 o.64 o.23 0.31 0.95 0.91 
133 0.70 u.5u o.58 1.05 1.21 
114 1.14 2.11 1.91 1.27 1.06 
15u 0.24 0.01 0.12 0.28 o.59 
223 1.53 1.83 1.98 o.58 o.55 
152 u.29 0.14 0.09 0.38 1.19 
312 2.03 1.74 1.07 o.23 0.37 
64 
Specimen No. 
and comp. (hkJ.) .012 .o26 .u45 .069 .101 .163 .284 .499 
4b 020 0.17 o.07 u.o3 
.o4 at..% Cr 
u.10 u.13 1.18 3.98 o.62 
110 1.31 1.01 o.82 0.74 o.58 u.57 u.71 u.44 
021 u.33 0.24 o.21 o.2o o.4o 0.72 0.93 1.99 
002 1.69 1.26 1.05 1.82 4.45 7.43 1.67 2.3u 
111 1.27 1.25 0.96 1.05 u.95 o.62 o.66 u.66 
112 1.45 1.72 2.26 2.28 1.55 o.86 o.63 1.u3 
130 0.24 0.16 u.22 0.10 o.o9 u.43 o.97 u.62 
131 0.30 0.24 0.17 o.2u o.23 o.38 o.89 u.66 
023 o.59 o.52 o.39 o.6o 0.93 1.80 2.27 1.59 
200 4.oo 3a91 4.38 3.52 2.55 1.64 1.24 o.6o 
113 1.03 1.10 1.11 1.40 1.16 o.77 u.6o 1.18 
132 o.48 0.36 o.23 u.18 o.35 o.54 o.78 1.07 
133 o.64 u.58 o.48 o.46 o.53 u.79 o.64 1.33 
114 0.76 0.71 0.73 0.95 o.87 o.93 o.49 o.78 
150 0.25 0.16 0.13 0.16 0.33 1.15 1.30 1.16 
223 1.20 1.41 1.35 1.22 o.89 0.81 o.8o o.6o 
152 0.22 0.16 u.16 0.16 0.31 o.41 1.04 0.96 
312 2.90 3.47 3.87 3.37 2.96 o.7o u.58 u.6u 
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Specimen No. 
(hk1) and comp. .011 .030 .u46 .077 .103 .191 .291 .L.o4 
-
5a 020 0.28 0.21 0.23 0.20 o.L.4 2.19 1.17 1.25 
.11 at.% Cr 
110 1.8o 1.53 1.29 1.02 0.90 0.97 1.29 1.16 
021 o.35 0.30 0.32 o.5o 1.38 2.53 0.74 1.16 
002 o.7o o.53 o.58 o.65 1.18 2.42 1.82 1.52 
111 1.48 1.37 1.21 o.86 o.6.5 0.74 0.99 1.26 
112 u.87 0.82 0.91 1.28 1.08 o.63 o.8o o.89 
130 0.25 0.36 0.13 0.38 0.13 o.82 0.90 1.05 
131 o.36 0.29 0.24 0.28 o.43 o.44 0.98 1.04 
023 0.92 0.92 1.00 0.94 1.12 o.95 o.B2 1.13 
200 .5.23 8.49 8.40 5.78 1.91 1.02 1.18 1.03 
113 o.81 o.89 1.11 1 • .57 1.49 o.68 o.8o o.89 
132 u.46 o.3o 0.24 o.48 0.36 o.61 0.94 o.77 
133 o.52 0.39 o.L.3 o.59 o.84 o.B3 1.01 0.78 
114 o.8o 0.77 1.07 1.30 1.06 o.83 1.27 o.82 
150 0.39 0.35 0.39 0.1.5 o.47 1.72 o.87 1.02 
223 0.96 o.87 o.84 1 .1 tl 1.25 0.76 0.75 o.82 
1.52 0.35 0.24 0.21 0.32 o.65 1.02 o.89 0.96 
312 2.53 2.44 2.40 2.24 2.28 o.so 1.09 o.86 
66 
Specimen No. 
and comp. (hk1) .015 .028 .049 .071 ! 10,3 .166 .283 .t1!§2 
-
5b 020 0.10 0,06 o.o6 o.o4 o.oo o.53 3.76 1.35 
.11 at.% Cr 
110 1. 71 1.54 1.30 o.85 o.53 o.49 0.98 o.54 
021 o.28 0.20 0.16 0.17 0.24 1.01 o.61 0.93 
002 o.8o o.55 o.6o o.63 1,50 2.41 o.83 o.47 
111 1,48 1,46 1.48 1.49 1.49 o.48 o.56 0.91 
112 1.36 1.31 1.17 o.83 o.60 o.55 0.43 0.78 
130 0,18 0.29 0.11 0.10 0.07 0.20 0.51 0.73 
131 0.33 0.27 0.17 0.11 0.09 0.18 o.55 0.73 
023 o.60 o.5o o.61 o.66 0.74 0.95 2,02 2.45 
200 2.10 2.08 1.40 0.76 o.60 0.93 2.30 2.83 
113 1.34 1.49 2.49 2.88 2.56 2.02 0.99 1.11 
132 0.37 0.37 o.24 o.28 0.25 0.29 0.91 1.00 
133 0.71 0.70 o.52 o.54 o.64 1.11 o.97 0.90 
114 1.28 1.68 2.77 4.09 5.23 4.36 1.37 1.16 
1.50 0,18 0.16 0.07 o.o3 o.o6 o.58 Oe68 0.94 
223 1.30 1,16 0.77 o.6o 0.35 0.35 o.47 o.89 
152 o.41 0,32 0.22 0.13 0.20 0.74 0.92 0.96 
312 2.53 2.70 2.30 1.75 0.98 0.39 0.74 0.37 
67 
Specimen No. 
and comp. (hk12 .013 .026 .045 .• 071 .!..lQ?.. .!12§. .278 ~ 
6a 020 o.26 0.11 o.o.5 o.o5 o.o6 0.26 o.12 1.11 
.33 at..% Cr 
110 2.09 2.1.5 1.93 1 • .52 1.39 o.74 o.62 1.78 
021 0.39 0.25 0.19 o.17 o.2.5 0.37 o.37 o.!ili 
002 1.11 1.01 0.90 o.67 1.34 3.39 3.42 1.13 
111 1.35 1.23 1.18 1.33 1.56 1.07 0.90 o.62 
112 o.83 o.65 o • .57 o.4o 0.32 0.42 o.60 o.53 
130 0.14 o.o7 0.20 0.07 0.18 0.16 0.27 o.52 
131 0.32 o.26 0.24 0.27 0.26 o.2o o.46 1.07 
023 o.96 0.94 o.88 o.82 1.17 3.27 1.63 0.76 
200 3.57 3.36 2.62 2.57 2.81 1 • .50 o.5o o.23 
113 0.78 o.8o o.81 0.74 o.62 1.07 1.5o 1.08 
132 o.49 0.29 0.35 0.38 o.38 o.67 1.04 2.00 
133 o.44 o.41 0.37 0.30 o.34 o.44 1.32 1.46 
114 0.91 1.04 1.09 1.37 1.33 2.04 2 • .57 1.05 
150 0.26 0.19 0.12 0.14 0.17 u.16 0.30 o.89 
223 o.82 o.1o o.56 o.45 0.38 0.31 o.4o o.48 
1.52 0.34 o.28 0.23 0.24 0.24 0.29 0.72 1 • .57 
312 2.91 3.59 4.28 L..64 3.99 1 • .59 o.8o o.62 
68 
Specimen No. 
and O?MP• (hk1), .014 .027 .o47 ,o1o .099 &2. .274 .495 
6b 020 0.20 0.02 o.o4 o.o4 o.oo o.o2 0.26 1.03 
.33 at.% Cr 
110 1.47 1.12 o.86 o.43 0.39 0.30 o.41 1.07 
021 0.31 o.2o 0.19 0.15 0.12 0.15 0.28 o.58 
002 1.07 o.B9 o.56 o.6o o.59 1.07 9.14 1.59 
111 1.84 1.82 2.19 2.58 2.51 1.70 0.29 1.14 
112 1.39 1.91 2.19 2.82 2.27 1.29 0.37 o.52 
130 0.41 0.32 0.19 0.19 o.oB 0.13 o.oo 0.43 
131 o.47 0.39 0.35 o.24 o.21 0.28 0.11 o.47 
023 0.77 o.BB 0.92 0.87 1.19 3.87 3.33 1.89 
200 2.20 2.h9 2.55 1.74 1.02 0.92 0.36 2.86 
113 1.23 1.70 1.98 2.65 2.70 1.78 1.35 o.63 
132 o.45 o.44 o.4o 0.18 0.37 0.30 o.29 1.40 
133 o.58 o.43 0.37 o.L.o o.54 o.56 0.33 1 • .54 
114 1.13 1.20 1.42 1.44 1.80 1.93 3.03 0.71 
1.50 0.26 0.16 0.09 o.oo o.o5 0.12 0.14 o.51 
223 1.40 1 • .58 1.69 1.94 2.10 1.61 o.24 o.57 
152 0.33 0.18 0.10 0.13 0.10 0.16 0.16 o.aa 
312 2.11 2.07 1. 71 1.25 1.00 0.74 o.L.o 0.92 
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